Abstract The sympathoadrenal system is the main source of catecholamines (CAs) in adipose tissues and therefore plays the key role in the regulation of adipose tissue metabolism. We recently reported existence of an alternative CA-producing system directly in adipose tissue cells, and here we investigated effect of various stressorsphysical (cold) and emotional stress (immobilization) on dynamics of this system. Acute or chronic cold exposure increased intracellular norepinephrine (NE) and epinephrine (EPI) concentration in isolated rat mesenteric adipocytes. Gene expression of CA biosynthetic enzymes did not change in adipocytes but was increased in stromal vascular fraction (SVF) after 28 day cold. Exposure of rats to a single IMO stress caused increases in NE and EPI levels, and also gene expression of CA biosynthetic enzymes in adipocytes. In SVF changes were similar but more pronounced. Animals adapted to a long-term cold exposure (28 days, 4°C) did not show those responses found after a single IMO stress either in adipocytes or SVF. Our data indicate that gene machinery accommodated in adipocytes, which is able to synthesize NE and EPI de novo, is significantly activated by stress. Cold-adapted animals keep their adaptation even after an exposure to a novel stressor. These findings suggest the functionality of CAs produced endogenously in adipocytes. Taken together, the newly discovered CA synthesizing system in adipocytes is activated in stress situations and might significantly contribute to regulation of lipolysis and other metabolic or thermogenetic processes.
Introduction
Stress represents an important factor in activation of the sympathoadrenal and brain catecholaminergic systems in mammals (Kvetnansky et al. 2009 ). Various stressors stimulate release of epinephrine (EPI) and norepinephrine (NE), biosynthesis of catecholamines (CAs), gene expression, activities, and proteins of CA biosynthetic enzymes, as well as CA transporters (Sabban and Kvetnansky 2001; Sabban et al. 2006; Sabban 2007; Kvetnansky et al. 2009; Tillinger et al. 2010) . Some stressors are associated with preferential activation of the adrenal medulla and release of EPI (emotional stressors, e.g., restraint), while other stressors stimulate sympathetic neurons on periphery or in the brain to release NE (physical stressors, e.g., cold) (Kvetnansky et al. 1998 Goldstein and Kopin 2008) .
Adipose tissues contain a rich sympathetic innervation, which is also activated by various stressors like in other tissues (Slavin and Ballard 1978; Bartness and Bamshad 1998; Bartness and Song 2007; Bartness et al. 2010; Bartolomucci et al. 2009; Brito et al. 2008; Giordano et al. 2005; Lafontan and Lagin 2009) . Adipose tissues contain mainly NE and only trace amounts of EPI (only brown adipose tissue contains higher amount of EPI (Sudo 1985 (Sudo , 1987 Pendleton et al. 1978; Hökfelt 1951) . Stress-induced increase in CA levels stimulates fat cell b1, b2, b3 and a2-adrenergic receptors, which activate or inhibit lipolysis (Berlan and Lafontan 1982; Lafontan and Berlan 1995; Lafontan and Langin 2009; Bartness et al. 2010; Giordano et al. 2005) . CAs are considered the major regulators of lipolysis (Lafontan and Langin 2009; Bartness et al. 2010; Giordano et al. 2005 ) and affect also differentiation and proliferation of adipocytes (Bowers et al. 2004; Zhu et al. 2003) . The function of the sympathetic nervous system in control of lipolysis has been recently reviewed (Lafontan and Langin 2009; Bartness et al. 2010) .
Biosynthesis of CAs is essentially catalyzed by four enzymes: tyrosine hydroxylase (TH), L-aromatic amino acid decarboxylase, dopamine-b-hydroxylase (DBH), and phenylethanolamine N-methyltransferase (PNMT) (Kvetnansky et al. 2009 ). There were some indications that adipose tissue may contain specific cells that could express genes of CA biosynthetic enzymes. PNMT mRNA and immunoreactive protein were found in the adipose tissue in neuron-like cells of PNMT-overexpressing transgenic mice but not in wild types (Bottner et al. 2001) . We have recently found that genes of the CA biosynthetic enzymes (TH, DBH, PNMT) are present and differently expressed in all five studied adipose tissue depots (mesenteric, inguinal, retroperitoneal, epididymal, brown-interscapular) (Vargovic et al. 2011) .
Adipose tissues represent a very heterogeneous structure and besides adipocytes contain a lot of various cells, e.g., preadipocytes, pericytes, progenitor cells, neuronal cells, T-and B-cells, macrophages, etc., which are collectively known as stromal vascular fraction (SVF) (Lin et al. 2008; Schaffler and Buchler 2007; Astori et al. 2007) . It has been shown that some of these cells are able to synthesize CA to boost up the thermogenic process (Flierl et al. 2008; Nguyen et al. 2011) . We have recently found that adipocytes express the genetic machinery, which enable de novo production of CA in these cells (Vargovic et al. 2011) .
The question arose, why adipose tissues need an additional CA production system directly in non-neuronal fat cells besides the rich sympathetic supply. What is the function of CA synthesized in adipocytes? Is this CA system activated during stress? Since stress activates sympathetic system in adipose tissues, we wanted to know whether CAs and the whole genetic machinery of their production would be activated in adipocytes isolated from mesenteric adipose tissue of stressed rats. Importantly, the stress response in this particular fat depot was associated with stress-induced NPY-related angiogenic and adipogenic program providing a direct link between stress, obesity, and metabolic disease (Kuo et al. 2007 ).
Our previous results have shown that exposure of rats to long-term cold (4°C) leads to an adaptation of sympathoadrenal system (SAS) at the level of the adrenal medulla, sympathetic ganglia, plasma CAs. In cold-adapted animals (28-42 days), the short-term cold-induced increase in TH activity and mRNA levels, returned to control levels (Kvetnansky et al. 1971a . Exposure of ''coldadapted rats'' to another (novel) stressor, e.g., immobilization (IMO), lead in the adrenomedullary and plasma CAs systems to exaggerated responses compared to animals kept all the time at room temperature Dronjak et al. 2002) .
Thus, the aim of this study was to investigate effect of different stressors (emotional-IMO, physical-cold, novel, or their combination) on CA production in adipocytes and SVF isolated from mesenteric adipose tissue of rats during stress exposure. The finding of stress-induced increase in CA production in adipocytes would suggest an involvement of this newly discovered CA system in the regulation of stress response.
Materials and Methods

Animals
Male Sprague-Dawley rats, 4-month-old (300-350 g, Charles River, Suzfeld, Germany) were used in experiments of this study. Animals were housed 2-4 per cage in a controlled environment (23 ± 1°C, 12 h light-dark cycle, lights on at 6 AM). Food and water were available ad libitum. All the animal experiments were approved by the Ethical Committee of the Institute of Experimental Endocrinology, Slovak Academy of Sciences in Bratislava (protocol number RO-2804/07-221/3).
Stress Procedures
Immobilization (IMO)
Immobilization of rats was used as an intensive emotional stressor and performed as previously described (Kvetnansky and Mikulaj 1970) . For a single IMO (1 9 IMO), rats were immobilized once for 10, 30, 60, 120 min, respectively. We also included interval of 3 h rest period after 2 h of IMO. The IMO was performed at the same time of the day between 8 AM and noon. Rats were killed by decapitation immediately after removal from their home cages (control group) or after the particular IMO interval.
Cold Exposure
Animals were housed two per cage in a controlled environment (23 ± 1°C, 12 h light-dark cycle, lights on at 6 AM) 1 week before the beginning of experiments.
Groups of cold-exposed rats were transferred to cold chamber (4 ± 1°C, 12 h light-dark cycle, lights on at 6 AM) for 3 h, 7 days, or 28 days of continual cold exposure. These experimental groups were killed by decapitation directly in cold chamber at the same day as the control group housed at 23°C.
Immobilization of Cold-Adapted Rats
The aim of this experiment was to investigate responses of cold-adapted animals to a single IMO (COLD-IMO) and to compare to animals, which were kept at room temperature (RT-IMO). Rats were housed two per cage in a controlled environment (23 ± 1°C) 1 week before the beginning of experiments. Group of cold-exposed rats was transferred to cold chamber (4 ± 1°C) for 28 days. Then, animals exposed to 28 day cold (adapted), as well as animals held at room temperature (control) were exposed to a single IMO for various intervals (30, 120 min, and 120 min ? rest for 3 or 24 h). Cold-adapted rats were immobilized and decapitated in the cold chamber. All groups were killed at the same day.
Separation of Adipose Tissue Cells
Mesenteric adipose tissue (200-300 mg) was used immediately after extirpation for separation of adipocytes and SVF as described previously (Tchoukalova et al. 2008; Vargovic et al. 2011) . After collagenase I (Sigma, USA) in concentration 1 mg/ml digestion (30 min, 37°C, with constant gentle agitation), floating fraction of adipocytes was subsequently washed four times by 1.5 ml Medium 199 (Gibco, Invitrogen, USA) containing 0.5% BSA and 3 mM CaCl 2 (medium ? BSA ? CaCl 2 ). Each washing step was followed by centrifugation pelleting the cells separated from the floating cell layer by washing and filtering. Floating cell suspension was filtered through 210 lm nylon mesh filter (Small Parts, USA) to remove any remaining cell clumps potentially harboring non-adipocyte cells. Fraction of centrifugation pelleted cells separated from adipocytes was considered to be stromal fraction.
The purity of adipocyte preparation was monitored by automated histomorphological analysis with Nexelcom, cellometer T4 plus (Nexcelom Bioscience, LLC). In principle, the separation method is based on the ability of lipid laden adipocytes to float. Therefore, we have analyzed the suspension of non-floating cells before and after each washing step. We have shown that washing steps 3 and 4 were not any more effective in extracting non-adipose cells from the floating adipocyte fraction (Fig. 1a) . The subsequent analysis of purified adipocyte fraction revealed that it contains approximately 2% of cells which could with their size (9-12 lm) correspond to immune cells (Fig. 1b) .
Recently, it has been reported that alternatively activated macrophages in adipose tissue could produce CAs to induce thermogenic gene expression in brown adipose tissue and lipolysis in white adipose tissue (Flierl et al. 2008; Nguyen et al. 2011) . Since macrophages are able to synthesize CAs, histomorphometrical analysis was complemented by the measurement of a monocyte differentiation antigen CD14 mRNA as macrophages marker, in adipocyte fraction. The data showed that a small CD14 mRNA present in adipocyte fraction correlates neither with TH mRNA (R = 0.031, p = 0.87, n = 27) and PNMT mRNA (R = 0.044, p = 0.83, n = 27) nor with levels of NE (R = 0.126, p = 0.59, n = 21, (Fig. 2) , and EPI (R = 0.035, p = 0.67, n = 18) concentrations irrespective of the stress conditions. This suggests that CD14 positive macrophages do not contribute to the stress-induced rise of CA levels or to increase in expression of CA-producing enzymes in the mesenteric adipocytes.
Catecholamine Determination
All CA were measured using 2-CAT or 3-CAT Research RIA kits (Labor Diagnostica Nord, Nordhorn, Germany) according to the manufacturer's protocol. Values were normalized to 1 mg of protein in homogenate determined by BCA Protein Assay (Thermo Scientific, Rockford, IL) modified for samples with high content of lipids according to Morton and Evans (1992) .
Total RNA Isolation
Total RNA from isolated adipocytes and SVF was isolated by TRI Reagent (MRC Ltd., USA) according to the manufacturer's protocol. The purity and integrity of isolated RNAs was checked on GeneQuant Pro spectrophotometer (Amersham Biosciences, USA). Reverse transcription was performed using 1.5 lg of total RNAs and Ready-To-Go You-Prime First-Strand Beads (Amersham) with random hexamer primers pd(N6) (Amersham) according to manufacturer's protocol.
Relative Quantification of mRNA Levels by Real Time RT-PCR
The PCR amplification and detection was carried out on the ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Inc., Foster City, CA, USA). TH and PNMT were amplified using specific TaqMan probes (Applied Biosystems) (Rn00562500_m1 for TH, Rn01495588_m1 for PNMT) and Maxima Probe/ROX qPCR Master Mix according to manufacturer's condition in 20 ll of total reaction. GAPDH was amplified by SYBR Green mastermix (ThermoFischer Scientific) using specific primers Cell Mol Neurobiol (2012) 32:801-813 803 (5 pmol of primers per 20 ll of total reaction). The sequences of the primers were as follows: GAPDH forward, 5 0 -AGATCCACAACGGATACATT-3 0 , GAPDH reverse, 5 0 -TCCCTCAAGATTGTCAGCAA-3 0 . Each cycle consisted of 15 s at 95°C, 30 s at 60°C, and 30 s at 72°C for 40 cycles after the initial activating step for 2 min at 50°C and denaturing step for 10 min at 95°C. To exclude the presence of non-specific products, a routine melting curve analysis was performed after finishing the amplification. This was done by high resolution data collection during an incremental temperature increase from 60 to 95°C. Data were analyzed with SDS software version 2.3 (Applied Biosystems) and inspected to determine artifacts (loading errors, threshold errors, etc.). Baseline levels for each gene were computed automatically. Count numbers were exported to an Excel spreadsheet and analyzed according to the DDCT method described by Livak and Schmittgen (2001) . To find the most appropriate internal control, we tested several housekeeping genes. We have chosen GAPDH as housekeeping gene, since it did not show significant changes during IMO or cold stress. We tested several other housekeeping genes [b-actin, 18S rRNA, b2-microglobulin, TATA-binding protein (TBP)] but all of them showed significant changes in adipocytes as well as in SVF of rats exposed to cold or IMO stress (unpublished data).
Western Blot Analysis
Samples of adipocytes isolated from mesenteric adipose tissue were sonicated in 0.6 ml of 20 mM Tris pH 7.0, 5 mM PMSF (Pefabloc SC ? Compete, Roche Diagnostic), stored in ice for 1 h and centrifuged for 15 min (16,1009g, 4°C). Western blotting was performed as described previously Norepinephrine concentration was significantly increased both in adipocytes and SVF of rats exposed to a single IMO for 2 h (Fig. 3) . The NE level in adipocytes was several times lower than in SVF. Adipocyte concentration of EPI was several times lower than that of NE but was similar when compared to EPI in SVF. Adipocyte EPI showed only tendency to increase, however, in SVF, IMO stress produced a highly significant increase in EPI concentration (Fig. 3) .
Tyrosine hydroxylase mRNA levels were significantly elevated both in adipocytes an SVF of rats exposed to a single IMO stress (Fig. 4) but a maximum response was in adipocytes induced after 10 min and in SVS only after 120 min of IMO (Fig. 8) . PNMT mRNA levels were not significantly affected by a single IMO (Fig. 4) . Protein levels of TH and PNMT in adipocytes and SVF were not affected by a single IMO stress because a short time of stress exposure (Fig. 9) .
Effect of Cold (4°C) Exposure on CAs and Gene Expression of CA Biosynthetic Enzymes in Isolated Adipocytes
Adipocyte NE concentration was not affected by the first day of cold exposure (for 3 h), however, long-term cold exposure for 7-28 days produced a significant elevation of NE levels (Fig. 5) . EPI concentration was slightly increased in animals acutely exposed to cold for the first day. On the other hand, long-term cold exposure completely abolished this increase (Fig. 5) .
Tyrosine hydroxylase mRNA and PNMT mRNA levels did not show any significant changes in the adipocytes after acute or prolonged cold. Twenty eight-day cold exposure produced even a nonsignificant reduction of expression of these genes in adipocytes (Fig. 6) . CD14 mRNA (relative value) NE (pg/mg protein) Fig. 2 Correlation of CD14 mRNA with norepinephrine (NE) levels in mesenteric adipocyte fraction of control and stressed rats. Relative value -2 DDCT 9 10
Effect of a Single IMO of Rats Exposed Prior IMO to Long-Term Cold (4°C for 28 days) on CAs and CA Biosynthetic Enzymes in Isolated Adipocytes and SVF
We investigated whether changes in adipocytes and SVF, induced by a single IMO at room temperature, would be affected by prior long-term cold exposure. Norepinephrine concentration in various intervals of the first IMO of rats, which were accommodated at room temperature (RT-IMO) showed a significant increase especially in shorter IMO intervals, both in isolated adipocytes and SVF (Fig. 7) . Adipocyte NE concentration was about 10 times lower compared to SVF. NE baseline in adipocytes of cold-adapted animals (COLD-IMO) was significantly elevated compared to absolute control group, however, exposure of such cold-adapted animals to intervals of a single IMO, completely abolished the effect of IMO. The IMO-induced NE increase in RT-IMO rats was also abolished in SVF of COLD-IMO groups (Fig. 7) . EPI concentration showed also increase during various intervals of the single IMO, especially in SVF of RT-IMO group. Nevertheless, EPI level was reduced in cold-adapted animals-COLD-IMO (Fig. 7) .
Tyrosine hydroxylase mRNA level showed a significant rise in adipocytes and SVF in RT-IMO groups. Coldadapted animals (COLD-IMO) did not show these IMOinduced changes (Fig. 8) . Prior to IMO, cold-adapted rats had significantly higher expression of TH in SVF. However, a marked decrease was found during the first 30 min of IMO in cold-adapted group, as compared to animals housed at room temperature. PNMT mRNA levels showed a tendency to be reduced especially in adipocytes. PNMT mRNA levels in SVF of cold-adapted control group were several fold increased, while single IMO significantly reduced them (Fig. 8) .
TH and PNMT protein levels in adipocytes were not affected by a single IMO for 2 h (Fig. 9) . In cold-adapted animals (COLD), the baseline was not different from absolute control group, and IMO produced a reduction of PNMT protein to not detectable (ND) values (Fig. 9) . The low levels of these proteins in COLD-adapted group were most probably a consequence of adaptation of this system to chronic cold exposure.
Discussion
The first demonstration of the presence of endogenous CA biosynthetic system in adipocytes isolated from rat mesenteric adipose tissue was recently published (Vargovic et al. 2011) . We found that gene expression and proteins of enzymes synthesizing CAs in adipose tissues are distributed independently on sympathetic neurons. In our previous work (Vargovic et al. 2011) , we clearly demonstrated that the competitive antagonist of TH (alpha-methyl-ptyrosine) largely reduced the levels of CAs in isolated adipocytes. These data confirmed that isolated adipocytes are able to synthesize CAs (Vargovic et al. 2011) . We found that the concentration of CAs in adipocytes is relatively low; however, if we consider the total amount of adipose tissues, the whole content of CAs produced in adipocytes is quite high and is comparable to CA production in the adrenal medulla. Nevertheless, the physiological function of these endogenously produced CAs in adipocytes has not been appointed yet.
It is important to point out that isolated adipocytes used in our experiments were of high purity as described in details in the methods.
Is the endogenous CA-producing system in adipocytes affected by stress? Stress highly stimulates activity of the peripheral SAS and catecholaminergic systems in the brain (for review, see Kvetnansky et al. 2009 ). This activation is connected with increased release of CAs (Kvetnansky et al. 1978 (Kvetnansky et al. , 1979 ) from storages in various tissues (adrenal medulla, ganglionic sympathetic neurons, heart, brain, etc.) (Kvetnansky et al. 2009 (Kvetnansky et al. , 1971a (Kvetnansky et al. , 1995 (Kvetnansky et al. , 1977 Sabban et al. 2006) , elevated plasma levels of EPI and NE (Kvetnansky et al. 1978 (Kvetnansky et al. , 1979 , increased turnover and spillover of CAs (Kvetnansky et al. 1971 ) and gene expression of enzymes involved in CA synthesis and degradation (Kvetnansky et al. 2004; Sabban and Kvetnansky 2001; Sabban et al. 2006; Kvetnansky et al. 2009 ), as well as CA transporters (Tillinger et al. 2010) .
Adipose tissues have a rich sympathetic innervation (Bartness and Song 2007; Bartness et al. 2010; Bartolomucci et al. 82009; Brito et al. 2008; Giordano et al. 2005; Lafontan and Lagin 2009) , from which NE is released in stress situations and regulates metabolic processes, e.g., lipolysis (Lafontan and Berlan 1995; Lafontan and Langin 2009; Bartness et al. 2010; Giordano et al. 2005) . Is stress a factor, which could stimulate production and release of endogenous CAs in adipocytes, as in sympathetic neurons?
We investigated two different kinds of stressors: IMO stress, which represents mainly emotional stimulus and stimulates mainly EPI release from the adrenal medulla and cold stress, which is mainly a physical stimulus and almost exclusively activates release of NE from the sympathetic nerve endings (Kvetnansky et al. 1998; Goldstein and Kopin 2008) . The data presented in this article clearly demonstrate that NE but also EPI levels, and components of the CA biosynthetic apparatus, are significantly activated in adipocytes isolated from stressed rats.
Besides IMO stress and cold stress, we also studied CAs in adipocytes and SVF isolated from animals exposed to cold (4°C) for 28 days and then exposed to various time intervals of a single IMO. The reason to use such animals was based on our previous data showing that animals adapted to one stressor respond by an exaggerated reaction to a second (novel) stressor Dronjak et al. 2002) . For example, TH mRNA levels in the adrenal medulla of rats exposed to 28 day cold are reduced almost to control values. These cold-adapted animals, however, respond to a second stressor (single IMO) by exaggerated levels of TH mRNA .
In this study, we have shown reduced EPI levels (Fig. 5 ) as well as levels of TH mRNA and PNMT mRNA (Fig. 6 ) in adipocytes isolated from rats exposed to long-term cold. In opposite, adipocyte NE levels have shown a significant increase in rats exposed to 28 day cold, compared to absolute control and group exposed to 3 h cold (Fig. 5) . These findings suggest an increase in NE biosynthesis and storage in adipocytes of cold-adapted animals even if TH gene expression is not changed, most probably by a feedback effect (Fig. 6) .
IMO stress by itself increased parameters of CA system in adipocytes of rats accommodated to room temperature. After exposure of cold-adapted rats to various intervals of a single IMO as a new stressor, we have found an adaptation and unchanged responses in adipocyte NE and EPI levels as well as TH and PNMT mRNA levels compared to control values. This finding is completely different from that found in the adrenal medulla, where exaggerated response was detected . It is evident that CA biosynthesis in adipocytes is differently regulated in animals adapted to cold. The adaptation status is evidently strongly fixed, so adipocyte CA system does not respond to another stressor. Thus, in adipocytes the process of adaptation to cold is transferred also to response to novel stressor. This fact might reflect a new homeostasis due to adaptive mechanism at the central regulation and/or modification or accumulation of transcription factors in adipocytes. It has been shown that several transcription factors are involved in the regulation of CA biosynthetic enzyme gene expression during stress (Kvetnansky et al. 2009 ). Thus, any of promoter elements and/or transcription factors may be permanently changed in long-term cold-exposed rats and be responsible for the unchanged responses to novel stressors.
Similar finding was seen in the adrenal medulla of coldadapted rats-TH activity and TH mRNA levels were not changed when compared to control animals. However, after exposure of cold-adapted rats to novel stressors (IMO, insulin-induced hypoglycemia, 2-deoxy-D-glucose-induced glucoprivation) these parameters showed exaggerated values . Rats exposed to long-term cold showed an increase in adrenal medullary CA levels (Kvetnansky et al. 1971a) . In isolated adipocytes, we have found a huge increase of NE but not EPI concentration in cold-adapted animals (28 days). Plasma NE levels were significantly elevated during the first cold exposure and a further massive increase of NE levels was seen in rats after 28 day cold exposure (around 3 times) . Plasma EPI levels, however, were not significantly changed either in first or long-term cold exposure .
Thus, these data demonstrate high activation of norepinephrinergic system in long-term cold-exposed rats, with increased NE levels not only in sympathetically innervated tissues and in plasma, but also in rat adipocytes (Fig. 5) . Cold-adapted rats besides the increased NE baseline also demonstrated an exaggerated NE response to a novel stressor, single IMO. The NE levels were increased twothree fold compared to IMO rats kept at room temperature . Plasma EPI levels showed also exaggerated response to this novel stressor .
Thus, stress produces huge increases in circulating CAs. Could these CAs be taken up into the adipocytes? Are isolated adipocytes able to take up CAs added to the incubation medium? There are some literary data showing that adipose tissue and human adipocytes are able to uptake and degrade CA, so it could play a role in clearance of peripheral CAs (Pizzinat et al. 1999) . In our experiments, we have not detected mRNA for the specific transporter for NE (NET) in adipocytes, however, the unspecific extraneuronal monoamine transporter (EMT) mRNA was present, but not regulated by stress. This transporter is involved in the degradation process of CA, which are in adipocytes oxidized by MAO to form deaminated products (Pizzinat et al. 1999 ). This would enable us to speculate that unspecific CA uptake might exist but is unlikely to be regulated in response to stress.
To determine whether isolated adipocytes actually are able to take up CAs, we incubated adipocytes in the presence of CAs, in two different concentrations: (i) similar to those found in the plasma of resting rats (200 pg of NE/ ml of incubation medium; 100 pg of EPI/ml) or (ii) highly stressed rats (2,000 pg of NE/ml of incubation medium; 3,000 pg of EPI/ml). Incubation of adipocytes with lowbasal NE concentration but also with high stress-like NE levels did not significantly affect intracellular NE content (not shown). Incubation with high stress-like level of EPI produced a small increase of intracellular EPI levels in adipocytes (approx. twofold) suggesting a possible small stress-induced uptake of EPI (not shown). However, the comparison of EPI concentrations in adipocytes and plasma in basal-unstressed situation, indicates that lowbasal plasma levels of EPI (55 pg/ml) could hardly be the source of CAs in adipocytes where higher concentration of EPI was found (EPI-190 pg/mg prot.) unless an active transport and storage mechanisms exist within the adipose tissue. It has to be pointed out, that IMO stress, already 10 min after initiation, increases plasma EPI levels by about 50 times, while the EPI concentration in adipocytes is not changed at all (Fig. 7) . Such a kinetic disparity between the circulating and adipose tissue CA levels has been found throughout the stress periods. So, the finding of the adipocyte specific EPI levels could hardly be explained by an active uptake from circulation. Thus, our data indicate that EPI levels in adipocytes are not likely to be contaminated by EPI uptake from circulation.
However, it could not be excluded that the six-fold increase in circulating NE levels contributes to the 2.5-fold increase in adipocyte NE concentration. An argument against this notion could come from the finding that adipocytes do not contain NE transporter (NET), and that there is virtually no NE uptake during in vitro incubation of adipocytes with the high stress-like levels of NE (2,000 pg/ ml) (not shown). Thus, these data suggest that the stressinduced increase in adipocyte NE concentration is induced by the endogenous CA production in adipocytes.
Proteins of TH and PNMT were not changed after exposure to single IMO because of too short influence of stress stimulation (Fig. 9) . Long-term cold exposure brings an adaptation of the gene expression and protein levels of CA biosynthetic enzymes, which remains at baseline levels after 28 day cold exposure (Fig. 9) . However, our unpublished data have shown that repeated IMO stress elevates both TH and PNMT gene expression and protein in isolated adipocytes (Vargovic et al. unpublished data) .
Our previous work has shown that longer time intervals are necessary for a stress-induced increase in TH protein levels or TH activity. A single IMO stress has not changed TH protein levels or TH activity even in the adrenal medulla (Nankova et al. 1994) . This suggests that the basal TH protein level is still sufficient for CA production. After repeated IMO stress, the increase in both, TH and PNMT proteins occurs together with the rise in mRNA levels in isolated adipocytes in similar manner as in the adrenal medulla.
Moreover, discrepancy between TH mRNA and protein level might appear also due to different stability, transcription rate, post-transcriptional modifications by RNA interference or epigenetic regulation of TH and PNMT expression in adipocytes during various time intervals of stress exposure, similarly as described in other cells and tissues (Lenartowski and Goc 2011; Nakashima et al. 2007; Panayotacopoulou et al. 2005) .
Besides adipocytes, we also isolated and analyzed SVF of mesenteric adipose tissue. SVF is a heterogeneous cell population derived from the adipose tissue and contains, e.g., endothelial cells, mast cells, fibroblastic pre-adipocytes, including macrophages and neuronal cells, which are a source of CA production in adipose tissue (Flierl et al. 2008; Nguyen et al. 2011) . CA concentration is significantly higher in SVF when compared to adipocytes. Under stress conditions, SVF from mesenteric adipose tissue shows marked changes in CA levels and gene expression of CA-producing enzymes. In SVF of cold-adapted animals, the elevated NE and EPI levels observed in IMO animals at room temperature, were reduced except EPI levels during 120 min of IMO (Fig. 7) . TH and PNMT mRNA levels were highly increased in cold-adapted animals; however, they were quickly reduced after the subsequent IMO exposure (Fig. 8) . It suggests that chronic cold exposure activated CA-producing apparatus in SVF, while in adipocytes chronic cold had no effect on CA-producing enzymes. It might be explained by the presence of some sympathetic neurons expressing CA-producing apparatus in SVF. Thus, response of the CA system in SVF of coldadapted rats is also reduced in response to IMO, as a new stressor.
As we already mentioned, SVF contains preadipocytes, fibroblasts, vascular smooth muscle cells, endothelial cells, resident monocytes, macrophages, and T lymphocytes (Weisberg et al. 2003; Xu et al. 2003; Caspar-Bauguil et al. 2005) . The term SVF corresponds best to adipose tissue derived stroma cells and describes cells obtained immediately after collagenase digestion. However, the critical point is the absence of a detailed molecular and cellular characterization of cellular subpopulations within the adipose stroma. There is still a lack of information concerning the full characterization of the cell subpopulations constituting the SVF (Flierl et al. 2008; Eto et al. 2009; Yu et al. 2010; Nguyen et al. 2011) . Therefore, we were unable to perform more detailed measurement of CA content in separate cell subpopulations. We hope for a shift in the knowledge as well as for technical advances, which would enable this kind of assessment in the near future.
Increased CA levels produced directly in adipocytes might be responsible for the increased mobilization of energetic substrates, which are necessary for maintaining of the stress situations. It is very probable that these endogenous CAs participate in processes of lipolysis, synthesis of cytokines, adipokines, etc. Mesenteric adipose tissue is very susceptible to changes in SAS activity due to high expression of adrenergic receptors (mainly b3 subtype) what results in high basal or stress-induced lipolysis. These processes are efficiently regulated by CAs localized in sympathetic innervation of the adipose tissue. Therefore, it is most probable that CAs produced in adipocytes would be specifically responsible for some other processes, e.g., for a direct action, such as binding in the nucleus of the adipocyte, etc.
Specific role of endogenous CAs was described in several types of immune cells (Flierl et al. 2008; Nguyen et al. 2011) . CAs produced and secreted from macrophages and other phagocytes are able to activate neighboring cells via adrenergic receptors in an autocrine/paracrine manner (Spengler et al. 1994; Engler et al. 2005; Nguyen et al. 2011) . Preliminary evidence suggests existence of adrenergic receptor-independent intracellular effects of CAs (Flierl et al. 2008; Buu 1993) . Thus, intracellular endogenous CAs synthesized in adipocytes could be transported to the nucleus, interact with nuclear receptors and influence transcription processes via an interaction with nuclear factors, e.g., with NFjB (Bergquist et al. 2000) . This process can be significantly potentiated by stress and could represent one of the functions of CAs produced in adipocytes.
An additional pathway of CAs, endogenously produced in adipocytes, could be mediated by adrenergic receptors localized in the cell nucleus. Several studies showed that b2-AR are localized not only in the membrane and cytoplasm, but also in the nucleus of various cell types (Laukova et al. 2012; Lencesova et al. 2010; Qu et al. 2008) . It is suggested that some of b2-AR synthesized in the cytoplasm are trafficked onto the membrane to mediate adrenergic response, whereas other b2-AR are translocated into the nucleus to regulate gene expression (Guo and Li 2007) .
Taken together, our data have demonstrated that various stressors are able to stimulate levels and production of CAs in isolated adipocytes. Long-term cold-adapted animals have shown an adaptive response even after exposure to novel stressors.
All presented data dealing with the effect of different stressors (IMO, cold, novel stressors) on endogenous CA system in adipocytes are the original data since no relevant references were found in the available literature.
